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Abstract. The invasion plant Rorippa amphibia (L.) Besser native to Europe was first reported in China
in 2009 and then it spread extensively in Liaoning Province. It natively grows in flooded or shallow
habitats, but it actually appears in more broadly water-related habitats in Shenyang, Liaoning Province.
Individuals of Rorippa amphibia were treated for 1 month under 4 water gradients with waterlogging, wet,
moderate (CK) and drought in Shenyang Normal University, and their physiological indexes were
measured. The results showed water stresses had some adverse effects on its physiological processes
including the significantly decreasing of the transpiration rate, net photosynthetic rate and stomatal
conductance, the increasing of malondialdehyde and electrolyte leakage. But the change of other
physiological indexes as follows may alleviate the disadvantageous effects of water stresses. Compared
with the CK, the chlorophyll content increased significantly, especially under the drought treatment. The
activities of SOD, POD and CAT increased. SOD and POD activities were highest under the drought
treatment and CAT activity was highest under the waterlogging treatment. The osmotic adjustment
substance contents including proline, soluble protein and soluble sugar were significantly increased under
water stresses, especially under the drought treatment and the waterlogging treatment. The root activities
increased as soil water content declined and the activity under the drought treatment was significantly
higher than the other 3 treatments. The result that all the individuals of Rorippa amphibia could survive
under extreme soil water conditions meant that Rorippa amphibia had a strong invasive line because it
could adapt to very different soil water conditions from waterlogging to extremely drought condition.
Keywords: invasive mechanism, water stress, photosynthetic indexes, antioxidase, proline, soluble
protein, soluble sugar, malondialdehyde (MDA), electrolyte leakage

Introduction

With the development of globalization, many plants are brought to other parts of the
world with the activities of people, so that plant invasion has become a common
phenomenon. Water is an important ecological factor to influence the survival state of
plants. To research the capability adapting to different water condition of invasive
plants is very important to evaluate their expanding ability because water stress is a
major limiting factor of plant growth and physiological process.

In general, water stress can inhibit the growth of plant. Water stress can be divided
into waterlogging stress and drought stress. Chlorophyll is the predominant pigment of
plants, and the quantity of chlorophyll determines plant growth capacity and is an
indicator of stress level. Drought stress can change the quantity of chlorophyll a and
chlorophyll b in plants leading to changes in photosynthesis capacity (Shukla et al.,
2015; Yang et al., 2015). The study of Jennifer and Hulme (2021) on the invasive plant
Rumex obtusifolius L. found that its chlorophyll content increased under drought stress.
But the study of Pint6-Marijuan et al. (2016) on the invasive plant Aptenia cordifolia
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(L.f.) Schwantes found that its chlorophyll content decreased under drought stress. Net
photosynthetic rate has long been recognized as one of the most sensitive processes.
Water stress can affect the indicators of photosynthesis. For example, stomatal closure
limits air exchange and reduces photosynthetic CO, assimilation, whereas water
deficiency decreases RuBP contents, thereby suppressing photosynthetic CO:
assimilation, which becomes the dominant limitation at severe drought (Lewis et al.,
1994). A study on invasive Eriobotrya japonica (Thunb.) Lindl. found a decrease in
stomatal conductance (Cond) (Williams-Linera et al., 2021). Malondialdehyde (MDA)
and Relative water content (RWC) ca n indicate the degree of stress. MDA, a product of
lipid peroxidation, is an indicator of oxidative damage (Blokhina, 2003). RWC is also a
key indicator to describe the water related physiological function in plants (Wang et al.,
2019; Feizabadi et al., 2020). Under drought stress, plasma membrane permeability
changes and electrolyte leakage had been found (Bajji et al., 2002).

Waterlogging stress is an important natural disturbance (Mack et al., 2000).
Waterlogging can cause stunted growth or even death of plants. Because the decreasing
of air exchange between soil and the atmosphere O in the soil declines rapidly, and the
soil may become hypoxic or anoxic within a few hours during waterlogging (Malik et
al., 2002). One of the initial responses of plant to waterlogging stress appears to involve
the closing of stomata, with a subsequent down-regulation of the photosynthetic
machinery (Garcia-Sanchez et al., 2007). The study of Jennifer and Hulme (2021) on the
invasive plant Rumex obtusifolius L. found that its chlorophyll content increased under
waterlogging stress. The study on invasive Ligustrum sinense Lour. found a decrease in
stomatal conductance (Cond) and the net photosynthetic rate (Brown and Pezeshki,
2000). Similarly, Smaoui et al. (2011) found in their study on the invasive plant Cotula
coronopifolia L. that chlorophyll content increased under waterlogging stress, while net
photosynthetic rate and transpiration rate decreased. Many researchers found that
waterlogging can facilitate invasion with exotic plants (Kercher and Zedler, 2004; Diez
et al., 2012), mainly because of their tolerance to flooding, which is an another highly
relevant factor for the success of invasive plant species (Dalmagro et al., 2013).

Some plants may have developed complex mechanisms to cope with water stress,
such as adaptive morphology and structural changes (Moore et al., 2008; Lawlor, 2012;
Komatsu and Yanagawa, 2013), enhanced biochemical and physiological responses
such as solute accumulation, redox homeostasis, and changes in cellular turgor,
membrane fluidity and composition (Reddy et al., 2004; Valliyodan and Nguyen, 2006).
Plant tissues can reduce their cellular osmotic potential by synthesizing osmotic
adjustment substances such as soluble protein (SP), proline (PRO) and soluble sugars to
cope with water stress (Gao et al., 2008; Blum, 2016). Similarly, the antioxidant
enzyme system is switched on. Superoxide dismutase (SOD), peroxidase (POD),
catalase (CAT) are key enzymatic antioxidants. Some studies have indicated that
enzymatic antioxidants increased in response to mild and/or moderate water deficit, but
progressive severe drought stress impaired the function of these enzymes (Fan et al.,
2009; Liu etal., 2011; Ge et al., 2014).

Rorippa amphibia (L.) Besser (yellowcress) is a perennial herb of the genus Rorippa
Scop in the Brassicaceae family. Native to Europe, its invasion to the Caucasus, Central
Asia, North Africa, North America and even New Zealand had been reported. Some
studies have shown that it is most likely to invade with the introduced turf grass species
(Elton, 1977). Rorippa amphibia have a strong ability of asexual reproduction and
sexual reproduction, which is very helpful for them to become the dominant species in
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lawns and other habitats. In addition, they have strong adaptability and expansibility,
and the destructive power to some ecosystems is great (Ruprecht et al., 2013). Rorippa
amphibia was first reported in China in 2009 and then it appeared in most areas of
Liaoning Province, China, mainly distributed on the roadside and lawns (Zhang et al.,
2009). In China, there are a few reports on the study of Rorippa amphibia. Rorippa
amphibia grows in habitats are frequently flooded or where the groundwater level is
relatively stable and shallow (Akman et al., 2012, 2014). But we found it appeared from
moist and shade habitat to sunny and dry habitat in Shenyang, China. In this study,
Rorippa amphibia was subjected to different gradient of soil water contents, and its
physiological indexes under different water conditions were determined. We expect to
reveal the adaptability of Rorippa amphibia to cope with water stress and to provide
some theoretical basis for evaluating its potential invasive ability by this study.

Materials and methods
Plant material

This study was conducted from September to November in 2020 at Shenyang
Normal University (Shenyang, Liaoning Province, China; 41°54'22"N 123°24'36"E).
We put 15.0 kg mixed soil (loam soil: peat soil: perlite: vermiculite=15:4:3.5:1 v/v) in
each pot (54*30*18 cm) and there were 8 pots to be used in this experiment. Well-
grown and uniform in size individuals of Rorippa amphibia which were dominant
species in a lawn in Shenyang Normal University were dug out and 40 individuals were
transplanted in each pot. The pots were put in a greenhouse near windows for 30 days
and plenty watered to guarantee the plants growing normally. Then 30 individuals
which were similar in height and size were kept in each pot and they were nearly
equidistant. The environmental indicators during the experiment were measured and the
average temperature, humidity and illuminance were 20.17°C, 22.01%, 28853.67 lux
respectively.

Experimental design and water treatments

Four different soil water contents were 5-10%, 15-20%, 25-30%, >100% (kept water
surface higher than 2 cm over soil surface), which were equivalent to drought treatment,
moderate treatment (CK), wet treatment and waterlogging treatment, respectively. There
were two pots in each treatment (i.e., n=2 pots per treatment). The total 8 pots with 4
soil water gradients were random sorting (Figs. 1,2) in order to reduce the influence of
other environmental factors on the experiment. When the water content was close to the
high line of a specific designed treatment, the experiment began. The water content of
soil samples in each pot was measured every day by drying method (Wang and Gao,
2006) and the overall weight of the whole pot was weighed to monitor the soil water
condition. When the soil water content of each pot was close to the low line of each
design water gradient, supplement water was given to meet the high line of the designed
treatment. The Rorippa amphibia was treated under the designed water gradient for 1
month.

The superoxide dismutase, peroxidase, and catalase activities, soluble protein,
soluble sugars, proline, malondialdehyde (MDA) content, electrolyte leakage, relative
water content (RWC), chlorophyll content, photosynthetic indicators of the fresh fourth
leaf and root activity were measured at the 35" days after the beginning of treatment.
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There were 3 repetitions for each indicator in every water treatment and samples were
taken from different pots (Fig. 1).
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Figure 1. Different water treatments
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Figure 2. Plants under different water treatments of the experiment

Determination of activities of superoxide dismutase, peroxidase, and catalase

The leaves (0.2 g) were ground into homogenate in ice-bath using a mortar and pestle.
0.1 mol/L phosphate-buffered saline (pH 7.8) was added during grinding. After grinding,
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the homogenate was centrifuged at 10,000 r/min for 20 min at 4°C by centrifuge (D-
16C, Sartorius Lab Instruments GmbH & Co. KG 37070 Goettingen, Germany). The
supernatant was collected to determine. Superoxide dismutase (SOD; EC 1.15.1.1)
activity, assayed using the photochemical nitroblue tetrazolium (NBT) method (Beyer
and Fridovich, 1987) measured estimate at 560 nm by spectrophotometer (UV-5900,
Shanghai Metash Instruments Co., Ltd).

Fresh leaves (0.2 g) were ground into homogenate in ice-bath using a mortar and
pestle. 20 mmol/L KH2PO4 was added during grinding. After grinding, the homogenate
was centrifuged at 10,000 r/min for 20 min at 4°C. The supernatant was collected to
determine. The peroxidase (POD; EC 1.11.1.7) activity use the Guaiacol method
measured estimate at 470 nm (Chancea and Maehly, 1955).

The leaves (0.2 g) were ground into homogenate in ice-bath using a mortar and pestle.
0.1 mol/L phosphate-buffered saline (pH 7.0) was added during grinding. After grinding,
the homogenate was centrifuged at 4,000 r/min for 15 min at 4°C. The catalase (CAT;
EC 1.11.1.6) activity was determined by measuring the decomposition of H2O. directly
at 240 nm for 3 min as described by Aebi (1984).

Estimation of soluble protein content

For the contents of soluble proteins, 0.2 g fresh leaves were extracted in 2 mL buffer
phosphate (0.1 M and pH = 7.8). The extract was then centrifuged at 3,000g for 10 min
at 4°C and supernatant was collected. Soluble protein contents were determined
according to the method of Bradford (1976), using the reagent Coomassie Brilliant Blue
G-250, followed by absorbance readings at 595 nm using bovine serum albumin as
standard.

Estimation of soluble sugars content

Fresh leaves (0.2 g) were homogenized in deionized water, heated to 100°C for
30 min and then cooled to room temperature, and this process was repeated twice. The
extract was moved into 25 mL volumetric flasks and volume completed to scale. The
anthrone-sulfuric acid method was used to quantify the total soluble sugars. The
absorbance at 630 nm was measured using a spectrophotometer using sucrose as
standard (Chen et al., 2007).

Estimation of proline content

Leaves (50 mg) were blended in 3% sulfosalicylic acid (10 mL) followed by
filtration to determine the leaf proline contents. Taking 2 mL supernatant and acid
ninhydrin reagent (2 mL) along with CH3COOH (2 mL) were reacted in glass vials,
subsequently cooled in ice and the resulting amalgam was extracted with toluene (4 mL)
using a vortex shaker for 15-20 s. The change in color was measured at 520 nm using a
spectrophotometer at room temperature with toluene as blank (Bates et al., 1973). A
calibration curve based on proline standard was developed to assess the proline
concentrations.

Estimation of malondialdehyde (MDA) content

Leaves (0.2 g) were ground with 5 mL 10% trichloroacetic acid and centrifuged at
10,000 g under 4 °C for 15 min. The reaction mixture containing 2 mL supernatant and
2 mL 0.6% thiobarbituric acid was incubated at 100 °C in water bath for 20 min and
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then cooled quickly in an ice bath. The reaction mixture was centrifuged at 4,000 g and
4 °C for 10 min. The absorbance of supernatant was measured at 532, 600, and 450 nm.
The content of MDA was calculated as the Eq.1 showed (Li et al., 2012).

MDA content = 6.45 x (A532 — A600) — 0.56 x A450 (Eq.1)

Estimation of root activity

A 0.25 mL of 0.4% TTC solution was prepared and put in a 10 mL container with a
small amount of hyposulphuric acid sodium (Na2S204) powder and shaken gently to
homogenize the chemicals completely. Red color triphenylformazan (TPF) was
produced immediately. Ethyle acetate was added to the container to the 10 mL level.
The solution was stored in the dark. Six TPF solutions, respectively of 0, 0.25, 0.50,
1.00, 1.50, 2.00 mL concentration were put in 10 mL capacity containers. Ethyle acete
was added to each container to the 10 mL level. A series of TPF concentrations were
prepared. The TPF measurements were recorded with a spectrophotometer at 485 nm.
Plot of standard curves was established.

Using a spatula, carefully dug 3 individuals out randomly from each treatment and
then soaked them repeatedly in water and rinsed gently until no soil was left on the root
surface. Using absorbent paper removed superfluous water from the surface of roots.
Fresh root materials (0.5 g) were immersed in a mixture of 5 mL TTC and 5 mL
0.1 mol/L Phosphate-buffered saline (pH 7.8), incubated in the dark at 37 °C for 2 hours
prior to addition of 2 mL 1 mol/L sulfuric acid to stop the reaction. Then roots were
ground into homogenate using a mortar and pestle. Ethyl acetate and quartz sand (small
amount) were added during grinding. After grinding, the homogenate was then
measured at 485 nm with spectrophotometer (Wang et al., 2006). We determined the
root activity using TTC as the standard.

Estimation of relative water content (RWC)

For relative water content (RWC) measurement, leaves were blotted dry on filter
papers weighed (Fresh weight, FW); immersed in ice-cold water for 10 h to rehydrate,
blotted on filter papers and reweighted (hydrated weight, HW). The plants were
subsequently dried at 80°C for 48 h prior to determination of dry weight (DW) by
drying oven (DHG-9240A, Shanghai Yiheng Technical Co., Ltd.; Shanghai Bluepard).
RWC was calculated as the Eqg.2 showed (Taheri-Garavand et al., 2021):

RWC — {(FW - DW)/(HW _ pw)) ¥ 100% (Eq.2)

Estimate electrolyte leakage

Leaves were washed with deionized water, each leaf was put into a marked vial filled
with 20 mL deionized water respectively, and incubated at room temperature in the dark
for 6 h. The electrolytic conductivity (EC1) of the solution was measured using a
conductivity meter (SA29-DDB11A, Midwest Group, Beijing, China). The solution was
then heated to 100°C, cooled to room temperature, and the electrolytic conductivity
(EC2) was measured once again. The percentage electrolyte leakage (EL) of the leaf
discs was calculated as the Eq.2 showed (Dionisio-Sese and Tobita, 1998).

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 20(3):2697-2716.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/2003_26972716
© 2022, ALOKI Kift., Budapest, Hungary



Zhou et al.: Physiological responses of the invasive great yellowcress (Rorippa amphibia (L.) Besserd) under different water
conditions
- 2703 -

EC
EL = ( 1/ECZ) x 100% (Eq.3)

Determination of chlorophyll content (SPAD units)

Chlorophyll content was determined using a SPAD-calibrated portable chlorophyli
meter (SPAD-502Plus, Konica Minolta (China) Investment LTD.) which can read
chlorophyll content of leaf directly. 3 the fourth leaves of different Rorippa amphibia
individuals per treatment were measured and the average value was used to represent
the chlorophyll content of the whole leaf (Costa et al., 2015).

Determination of photosynthetic indicators

Photosynthetic indicators of the fourth leaf (3 repetitions per treatment) were
measured using a portable photosynthetic system (LI1-6400, Li-Cor Inc., Lincoln NE,
USA) at ambient climatic conditions. During the measurement (10:00-12:00) the
irradiance was 1,200 pmolem2es™? and temperature was around 20°C (He et al., 2014).
The net photosynthetic rate, transpiration rate (Tr), stomatal conductance (Cond) and
intercellular carbon dioxide concentration (Ci) were measured.

Statistical methods

We performed our statistical analysis using version 26.0 of the SPSS statistics
software. One-way ANOVA followed by LSD’s multiple-range test for multiple
comparisons was used to detect differences among treatments. We defined significance
at P<0.05. We used version 9.0 of the Origin Pro software (https://www.originlab.com/)
to prepare the graphs.

Result

Variations in the activities of superoxide dismutase (SOD), peroxidase (POD) and
catalase (CAT)

SOD and POD activities of Rorippa amphibia reached maximum value under
drought treatment (Fig. 3A,B), while CAT activity was maximum under waterlogging
treatment (Fig. 3C). SOD activities under the drought and waterlogging treatments were
significantly higher than those of the moderate and wet treatments (P<0.01). SOD under
the drought treatment increased by 8.85%, 41.82%, 52.44% over the corresponding
activity under the waterlogging, wet and moderate treatments, respectively. The
corresponding increments of POD activity were 8.93%, 15.15%, 103.69%. CAT activity
under the waterlogging treatment, on the other hand, displayed 38.10%, 141.67% and
7.41% increments over the wet, moderate and drought treatment, respectively. Under
the moderate treatment, activity of POD was significantly lower than those displayed by
the other 3 water stress treatments (P<0.01) and activity of CAT was very significantly
lower than the drought and waterlogging treatments (P<0.01), and significantly lower
than the wet treatment (P<0.05).
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Figure 3. Variations of the SOD, POD, and CAT activities of different water treatments. Bars

indicate standard deviations (n = 3). Different lowercase letters in columns within the different

treatments indicate significant difference. Note: the meaning of the bars and lowercase letters
were the same as figure 3 for Figures 4~12

Variations of proline content

Water stresses increased proline content in Rorippa amphibia (Fig. 4). The proline
content was the highest under the drought treatment (2.875+10*ug/g), followed in
descending order by the waterlogging treatment (1.245+10%ug/g), wet treatment
(6.267+10°ug/g), and moderate treatment (4.85¢10°ug/g). The drought treatment was
significantly higher than the other 3 treatments (P<0.01). The waterlogging treatment
were significantly higher than the wet and moderate treatments (P< 0.01).

Variations of soluble sugars content

The leaf soluble sugar contents were the lowest (0.0067 pg/g) and highest
(0.0111 pg/g) for the moderate treatment and drought treatment, respectively (Fig. 5).
The differences were significant among the treatments except between the waterlogging
treatment and drought treatment. The drought treatment and waterlogging treatment
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were significantly higher than moderate treatment (P<0.01), and the wet treatment was
significantly higher than moderate treatment (P<0.05).
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Figure 5. Variations of soluble sugars content of different water treatments

Variations of soluble protein content

The lowest (8.1675 mg/g) and highest (9.1895 mg/qg) protein contents were displayed
by the moderate treatment and waterlogging treatment, respectively (Fig. 6). The values
for the waterlogging treatment and drought treatment were significantly higher than the
moderate treatment (P < 0.01, P < 0.05, respectively) (Fig. 6).

Variations of malondialdehyde (MDA) content

Water stresses increased the MDA content of Rorippa amphibia. The MDA content
was the highest under waterlogging treatment (12.2216 pmol/g) followed in descending
order by the wet treatment (9.2333 pmol/g), drought treatment (7.4469 pmol/g),
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moderate treatment (5.1248 pmol/g). The differences among the 4 treatments were
significant, which was embodied in that the waterlogging treatment was much
significantly higher than the other 3 treatments (P<0.01), and the moderate treatment
was much significantly lower than the wet and drought treatments (P<0.01), while the
difference between the wet and drought treatments was significant (P<0.05) (Fig. 7).
Compared with the moderate treatment, MDA contents of the other 3 treatments were
higher (P<0.01) which may generate higher lipid peroxidation and the damage of
membrane.
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Figure 6. Variations of soluble protein content of different water treatments
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Figure 7. Variations of MDA content of different water treatments

Variations of root activity

The root activities of Rorippa amphibia increased as soil water content declined
(Fig. 8). Root activity under the drought treatment was about 2.1 times as large as the
waterlogging treatment. The differences of root activities were significant among
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different treatments except between the wet treatment and moderate treatment, the wet
treatment and waterlogging treatment. The drought treatment was significantly higher
than the other 3 treatments (P<0.01).
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Figure 8. Variations of root activity of different water treatments

Variations of relative water content (RWC)

The RWC of leaves decreased with the decline of soil water contents. The RWC
under the drought treatment was significantly lower than the other 3 treatments
(P<0.01). The value of RWC was the highest under the waterlogging treatment and
increased by 36.81% compared with the drought treatment (Fig. 9).
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Figure 9. Variations of relative water content of different water treatments
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Variations of electrolyte leakage

The waterlogging treatment evoked the highest electrolyte leakage and the value
which was about 1.5 times as large as the lowest level of moderate treatment was
significantly higher than other 3 treatments (P<0.01) (Fig. 10). The differences of
electrical conductivity among the drought, wet and moderate treatments were not
significant. The trend of electrolyte leakage was similar to MDA, which reflected the
damage degree of membrane of Rorippa amphibia under different water treatments.
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Figure 10. Variations of electrolyte leakage of different water treatments

Variations of chlorophyll content (SPAD units)

As shown in Figure 11, chlorophyll content was the highest for the drought treatment
(44.00) followed in descending order by the wet treatment (39.20), waterlogging
treatment (38.61), moderate treatment (36.28). Chlorophyll content of the drought
treatment was significantly higher than those of the other 3 treatments (P<0.01), while
chlorophyll content of the moderate treatment was significantly lower than those of the
other 3 treatments (P<0.01).
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Figure 11. Variations of chlorophyll content (SPAD units) of different water treatments
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Variations of photosynthetic indicators

Water stress had an obvious impact on the photosynthetic indicators of Rorippa
amphibia (Fig. 12). Net photosynthetic rate (photo) was the highest under the moderate
treatment (5.5960 pmol/m?es) followed in descending order by the wet treatment
(5.2129 pmol/m?es), drought treatment (3.0701 pmol/m?ss), waterlogging treatment
(1.9714 pmol/m?es). The transpiration rate (Tr) and stomatal conductance (Cond) had
the same changing trend as photo rate, while the intercellular carbon dioxide
concentration (Ci) had just an opposite trend. All the photosynthetic indicators were
significantly different among the 4 treatments (P<0.01).
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Figure 12. Variations of photosynthetic indicators of different water treatments

Discussion

Water stress is an important environmental factor that could influence the
physiological and biochemical characteristics of plants. Water stress retards growth and
metabolic activity (Pasala, 2016).
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An increase in antioxidant enzyme activity is a common adaptive response of plants
to water stress (Gill and Tuteja, 2010). The main function of SOD is to transform O*"
into Oz and H20g, the latter is toxic, but can be eliminated by POD and CAT (Vince et
al., 2004). The POD and CAT activities increased as a result of drought treatment in this
study, which may protect plants from oxidation. POD also plays an important role in
eliminating MDA, thus protecting permeability of cell membranes (Hojati et al., 2010).
In this study, POD and CAT activity increased significantly under the waterlogging, wet
and drought treatments, which may limit the increases of MDA. The increases of POD
activity under the waterlogging, wet and drought treatments were in line with those
reported by Hojati et al. (2010). Further, the increase of SOD activity was congruent
with the report of Dehury et al. (2012).

Plants can reduce their cellular osmotic potential by synthesizing osmotic adjustment
substances such as soluble protein (SP), proline (PRO) and soluble sugars to reduce
effects of water stresses. The notable increase in proline content observed in this study
in consistency with several reports (Pei et al., 2009; Liu et al., 2016; Li et al., 2020).
The result that proline content increased significantly under waterlogging and drought
treatments suggest that Rorippa amphibia may have a strong adaptability to extreme
water conditions. Water stress induces soluble sugar accumulation, particularly sucrose,
glucose, and fructose, which helps to improve osmoregulation (Praxedes et al., 2006). In
this paper, the soluble sugar increased significantly under the drought treatment and
waterlogging treatment compared with moderate treatment, which was similar to
previous reported of Wu et al. (2016), Balsamo et al. (2015), and Pint6-Marijuan and
Munné-Bosch (2013), but contradicted those reports for Li et al. (2020). Soluble protein
contains some antioxidant enzymes. The significant increase in soluble proteins under
the waterlogging and drought treatments showed by this study was consistent with the
notable increase in some antioxidant enzymes. However, it was at variance with a
previous report by Jalil et al. (2018). The observed discrepancy may be due to excessive
stresses and/or to subtle difference between plants taxa and/or environments.

Malondialdehyde (MDA), which is a byproduct of enzymatic and oxygen radical-
induced lipid peroxidation, is widely used as a biomarker of oxidative stress in plants
(Davey, 2005). The increase of malondialdehyde content leads to the increase of plasma
membrane peroxidation, which leads to electrolyte leakage. In this paper, MDA content
increased significantly under the drought, wet and waterlogging treatments compared
with the moderate treatment. This result was similar to Quinet’s et al. (2015).
Electrolyte leakage level had the same trend with MDA level. The results of this paper
were similar to those of Zhang et al. (2020) and Faria et al. (2012). In addition, previous
studies showed RWC as an eminent trait to measure stress tolerance (Dapanage and
Bhat, 2017; Hemmati, 2018). RWC of Rorippa amphibia decreased significantly with
the decrease of soil water content. In this paper, we found root activity reached the
highest under the drought treatment, and this indicated that Rorippa amphibia
continuously strengthened the water absorption capacity of root system in order to adapt
to drought condition, which further indicated that Rorippa amphibia had strong
adaptability.

Chlorophyll is another indicator of water stress level. A result showed that drought
stress enhanced chlorophyll content in wheat leaves (Xu et al., 2017). In contrast, Li's
study of Lilium brownii var. viridulum Baker found that reduced water content led to
reduced chlorophyll content (Li et al., 2020). In this paper, the chlorophyll content of
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Rorippa amphibia increased significantly under water stress conditions especially under
drought treatment.

Photosynthesis is the most sensitive physiological process of plants to water stress
(Centritto et al., 2011; He et al., 2017). Soil moisture and photosynthetically active
radiation intensity affect plants by affecting plant photosynthesis, transpiration and
respiration (Mitton et al., 1998; Deans et al., 2018). In this paper, the photosynthesis
physiological parameters of Rorippa amphibia changed under different water conditions.
Photosynthetic rate, stomatal conductance and transpiration rate decreased and
intercellular carbon dioxide concentration increased under the drought and waterlogging
treatments compared with the moderate treatment. The reason for the changes in these
indicators under the drought treatment may be when water was scarce, root water intake
reduced, and then stomatal conductance, photosynthetic rate, transpiration rate
decreased, and intercellular carbon dioxide concentration increased. Some studies
suggest Rorippa amphibia could even withstand submergence to some degree
(Sasidharan et al., 2013; Akman, 2014). However, Prolonged flooding could have
deleterious effects on nutrient uptake, carbohydrates translocation, hormonal balance,
respiration of Rorippa amphibia. Then the root activity decreased and the water
absorption was reduced, which led to the stomatal closure and the decreasing of
stomatal conductance, photosynthetic rate as well as transpiration rate. So intercellular
carbon dioxide concentration increased. The study of Bupleurum chinense DC also
showed the same results (Yang et al., 2019).

Conclusion

The wet treatment had slight impact on the physiological indexes of Rorippa
amphibia. The differences of most measured phyisiological indexes were not significant
between the moderate treatment (CK) and wet treatment except the MDA content,
soluble sugar content, activities of POD and CAT.

The drought and waterlogging treatments had some severe adverse effects on
physiological process of Rorippa amphibia. The photosynthetic capacity and root
activity were the lowest and the MDA content and electrical conductivity were the
highest under the waterlogging treatment. The RWC of leaf was the lowest and the
MDA content and electrical conductivity significantly increased under the drought
treatment compared with CK.

But some changes of physiological indexes may alleviate the adverse effects of water
stresses. Rorippa amphibia significantly increased the enzyme activities of antioxidant
defense system, the contents of osmotic adjustment substance including proline, soluble
sugar and soluble protein under the waterlogging and drought treatments. The activities
of SOD and POD, chlorophyll content and root activity under drought treatment were
the highest among all the treatments.

All the results indicated that Rorippa amphibia could tolerate extremely adverse soil
water conditions. Its invasive capability to some ecosystems under different water
conditions could not be ignored and further research should be carried out on Rorippa
amphibia.
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